Miscanthus sinensis Anderss. (Poaceae) has desirable traits for a dedicated biomass crop. An important breeding goal for M. sinensis is to develop F 1 hybrid cultivars. A clear understanding of its reproductive mode will help to identify effective breeding strategies toward that goal. We performed >1000 semi-in-vivo reciprocal crosses and self-pollinations to determine pollen-pistil compatibility responses. Self-pollination showed a self-incompatibility (SI) response typical for grasses, indicating that SI is operative in M. sinensis. The majority of self-pollen produced short tubes that terminated at the stigmatic surface of mature pistils, but some self-pollen tubes entered into the transmitting tract. The developmental stage of pistils affects pollen-pistil interactions, as younger pistils allowed significantly more self-pollen to enter the transmitting tract, with some even reaching the ovule. Cross pollinations among progeny of reciprocal crosses between the cultivar Gross Fontaine and the cultivar Undine showed four classes of compatibility responses with 0, 50, 75, and 100% compatible pollen and exhibited differences in reciprocal compatibility for certain crosses. Taken together, our results showed that SI in M. sinensis is gametophytic and is likely controlled by a multiallelic, two-locus S and Z system, similar to those reported for other grasses. The findings from this study will facilitate the identification and isolation of genes related to SI and ultimately F1 hybrid production in M. sinensis.
www.crops.org crop science, vol. 57, july-august 2017 RESEARCH P erennial grasses from the genus Miscanthus (Poaceae) are leading candidates for cellulose-based ethanol production, as they have desirable traits for a dedicated biomass crop. The clonal cultivar M. ´ giganteus J.M. Greef & Deuter ex Hodkinson & Renvoize, an allotriploid (2n = 3x = 57) likely derived from a cross between a diploid M. sinensis Anderss. and a tetraploid M. sacchariflorus (Maxim.) Franch. (Linde-Laursen, 1993; Hodkinson et al., 2002; Sacks et al., 2012) , has gained considerable attention in the biomass research community due to its high yield capacity and low requirements for water, fertilizers, and pesticides (Lewandowski et al., 2003; Heaton et al., 2008) . Unfortunately, M. ´ giganteus is sterile and can only be propagated vegetatively, chiefly through division of the rhizomes. This method of propagation is costly, thus impeding its deployment as a biofuel crop. Miscanthus sinensis, on the other hand, can be readily established through seed and grows in a wide range of environments. Diploid forms of M. sinensis are common (2n = 2x = 38; Sacks et al., 2012) and provide a useful system to study inheritance of important agronomic traits for cellulosic bioenergy production. Miscanthus sinensis exhibits tremendous genetic diversity, thus providing a wealth of variation for further genetic improvement and research (Sacks et al., 2012; Yan et al., 2012) .
Gametophytic Self-Incompatibility Is Operative in Miscanthus sinensis (Poaceae) and Is Affected by Pistil Age
Jianxiong Jiang, Yuefeng Guan, Sheila McCormick, Jack Juvik, Thomas Lubberstedt, and Shui-zhang Fei* ABSTRACT Miscanthus sinensis Anderss. (Poaceae) has desirable traits for a dedicated biomass crop. An important breeding goal for M. sinensis is to develop F 1 hybrid cultivars. A clear understanding of its reproductive mode will help to identify effective breeding strategies toward that goal. We performed >1000 semi-invivo reciprocal crosses and self-pollinations to determine pollen-pistil compatibility responses. Self-pollination showed a self-incompatibility (SI) response typical for grasses, indicating that SI is operative in M. sinensis. The majority of selfpollen produced short tubes that terminated at the stigmatic surface of mature pistils, but some self-pollen tubes entered into the transmitting tract. The developmental stage of pistils affects pollen-pistil interactions, as younger pistils allowed significantly more self-pollen to enter the transmitting tract, with some even reaching the ovule. Cross pollinations among progeny of reciprocal crosses between the cultivar Gross Fontaine and the cultivar Undine showed four classes of compatibility responses with 0, 50, 75, and 100% compatible pollen and exhibited differences in reciprocal compatibility for certain crosses. Taken together, our results showed that SI in M. sinensis is gametophytic and is likely controlled by a multiallelic, two-locus S and Z system, similar to those reported for other grasses. The findings from this study will facilitate the identification and isolation of genes related to SI and ultimately F1 hybrid production in M. sinensis.
Currently, M. sinensis cultivars are primarily developed by population improvement. An important breeding goal for M. sinensis is to develop F 1 hybrids, which have the potential to significantly increase yield and uniformity (Vogel and Mitchell, 2008) . The production of uniform F 1 hybrid populations requires development of inbred lines, but M. sinensis has an extremely low self-fertility (Hirayoshi et al., 1955) . Molecular fingerprinting studies showed that M. sinensis has higher genetic diversity than the inbreeding Miscanthus sinensis var. condensatus (Hack.) Makino (Chou et al., 2000; Chiang et al., 2003) . Because M. sinensis has perfect flowers, it is highly likely that a genetic self-incompatibility (SI) mechanism that prevents self-fertilization exists.
Self-incompatibility has been reported in a broad range of plant species (Stone and Goring, 2001; Yang et al., 2008) and is an effective genetic mechanism that maximizes heterozygosity and prevents inbreeding. Broadly speaking, SI mechanisms are classified as gametophytic or sporophytic. A gametophytic SI response is dictated by the haplotype of the pollen, whereas the sporophytic SI response is dictated by the pollen-producing parent, and thus dominant-recessive gene action may be observed (Takayama and Isogai, 2005; Yang et al., 2008) . In most self-incompatible plant species that have been studied, SI is controlled by a single multiallelic S locus (Takayama and Isogai, 2005; Yang et al., 2008) . Theoretically, in species with a simple gametophytic SI system controlled by a single S locus (e.g., species of Solanaceae or Rosaceae), there would be a maximum of three pollen-pistil compatibility responses with either 0, 50, or 100% compatible pollen, and there would be no difference in compatibility responses between reciprocal crosses (Stone and Goring, 2001; Kubo et al; . Grasses that have been examined display gametophytic SI controlled by two multiallelic, independent loci, S and Z (Cornish et al., 1979; Gertz and Wricke, 1989, Yang et al., 2008) . When both S and Z alleles from the pollen match those of the pistil, pollen is recognized as self and is therefore rejected, whereas pollen carrying at least one S or a Z allele that is different from those of the pistil is recognized as nonself, and fertilization is allowed to proceed. With this SI system, the frequency of self-compatible pollen will fall into four possible classes depending on the number of matching alleles between the crossing parents of a diploid species. The percentage of compatible pollen may vary from 0% when all alleles at both loci match those in the pistil, 50% when one allele at either S or Z locus differs from those in the pistil, 75% when one allele each at S and Z differs from those in the pistil, and 100% when both alleles at either locus, three, or all four alleles at both loci differ from those in the pistil (Yang et al., 2008) . Additionally, with multilocus-controlled gametophytic SI, different pollen-pistil interactions between a cross and its reciprocal cross may result, depending on the genotypes of the crossing parents. This is not the case for either single locus-controlled gametophytic SI or sporophytic SI. For example, in the cross of S 1 S 1 Z 1 Z 2 x S 1 S 2 Z 1 Z 2 , the pollen with the genotype S 1 Z 1 or S 1 Z 2 will be incompatible, whereas the pollen of S 2 Z 1, S 2 Z 2 will be compatible, resulting in a 50% compatible pollen. However, in the reciprocal cross of S 1 S 2 Z 1 Z 2 x S 1 S 1 Z 1 Z 2 , none of the pollen will be compatible. So far, the biochemical mechanism of SI in grasses remains poorly understood, with none of the gene products for either S or Z isolated for any grass species (Stone and Goring, 2001; Yang et al., 2008; Shinozuka et al., 2010) .
In Brassicaceae, sporophytic SI can be overcome by bud pollinations, where immature pistils are pollinated by mature pollen (Attia and Munger, 1950; Cabin et al., 1996) , indicating that SI is fully operational only in mature pistils. Successful bud pollination in SI species has important implications for plant breeding because inbreeding can be performed in these otherwise obligate cross-pollinated species. In addition, a better understanding of developmental processes controlling SI will facilitate the identification of SI-related genes as it narrows the search through gene expression analysis (Yang et al., 2009) .
To determine the genetic basis of SI in plants, hundreds of diallel crosses have to be made and seed set for each cross evaluated. This is difficult to accomplish in grasses with SI because multiplying each genotype to obtain sufficient quantities of parental materials by vegetative means is labor intensive, and crossings would require a large amount of space. In addition, pollen longevity in grass species is typically very short (Fei and Nelson, 2003; Ge et al., 2011) , which makes it logistically difficult to perform a large number of crosses simultaneously. Semi-in-vivo pollination is pollination of isolated pistils cultured on an artificial medium by dusting pollen over them, allowing direct observation of pollen-pistil interactions using microscopic equipment with no space limitation. It has been effectively used to assess pollen-pistil interactions in grasses (Lundqvist 1961; Cornish et al., 1979; McCraw and Spoor, 1983; Yang et al., 2009) .
Our main goal was to determine the reproductive mode in M. sinensis by evaluating SI responses in a large number of self-and cross-pollinations by using a robust and reproducible semi-in-vivo pollination protocol. To accomplish this goal, we first need to develop a method to consistently produce viable pollen and to assess pollen longevity in vitro. The central hypothesis is that SI in M. sinensis is controlled by a two-locus S and Z gametophytic system, and as such, four classes of pollen-pistil interactions with either 0, 50, 75 or 100% compatible pollen can be observed and differences on pollen-pistil interactions are observed in reciprocal crosses of parents with certain genotypes. An additional objective of the study is to determine the functionality of SI in pistils of different developmental stages so that potential methods of inbreeding by overcoming SI can be developed.
To quantify the SI reaction, we counted the number of compatible and incompatible pollen grains. Compatible pollen grains were defined as those that entered the ovule. Incompatible pollen grains were defined as those that achieved various pollen tube lengths but did not reach the ovule. The percentage of compatible pollen was thus calculated: % compatible pollen = compatible pollen/(compatible pollen + incompatible pollen). For each male/female reaction, three replications, each with four pistils, were examined to determine whether the observed percentages of compatible pollen for each cross fit one of the four classes of compatibility responses (i.e., with 0, 50, 75 or 100% compatible pollen predicted for a two-locus SI system) (Yang et al., 2008) . Crosses with either 0% compatible pollen (when no pollen entered the ovule) or 100% compatible pollen (when all pollen entered the ovule) are determined visually, with no statistical analysis required. A c 2 goodness-of-fit test was conducted for each of the other crosses showing compatible pollen <100% to determine if the percentage of compatible pollen observed fits one of the two remaining compatibility responses [i.e., 50 or 75% using c2 = S(the number of observed compatible pollen − number of expected compatible pollen) 2 /number of expected compatible pollen]. The number of expected compatible pollen is calculated as the total number of pollen examined multiplied by either 50 or 75%. The degree of freedom is one and the probability level is set at 0.05, which gives the threshold value of 3.84. If the c2 value < 3.84, the null hypothesis is accepted, and if the c2 > 3.84, a new c2 test would be conducted to determine if the alternative hypothesis is to be accepted.
To determine pollen longevity, we followed the protocol by Fei and Nelson (2003) . Briefly, pollen grains already shed were brushed off the panicle thoroughly before dark incubation, and only freshly shed pollen grains were collected with an empty Petri dish (100 ´ 15 mm) and then stored at about 20°C in the dark. A portion of the fresh pollen was immediately transferred by inverting the pollen-containing Petri dish over pollen germination medium in a 100-mm ´ 15-mm Petri dish and gently tapping the bottom to disperse the pollen. This procedure was repeated at 30-min intervals, onto a new plate containing pollen germination medium. Pollen germination medium contains 0.5 M sucrose, 1 mM H 3 BO 3 , 2 mM CaCl 2 , and 1.5 g L −1 low-melting-point agarose. At least nine fields of each plate were examined for pollen germination using a Zeiss axiophot microscope to count at least 300 pollen grains for each observation. The experiment was repeated twice. The duration from the beginning of the test to the time point at which none of the remaining pollen was able to germinate was considered the pollen longevity.
Developmental Regulation of Self-Incompatibility
Pistils were isolated at different developmental stages to test the developmental regulation of SI. Self-pollination and examination of pollen tube growth were done the same way as described above, except for the pollen source, which was self-pollen only. The percentage of pollen entering the transmitting tract or ovule on pistils of different ages were recorded and analyzed by a single-factor ANOVA using Microsoft Excel 2010. The LSD values at a = 0.05 for the two types of pollen were manually calculated using the ANOVA data.
MATERIALS AND METHODS Plant Materials
A population of 180 M. sinensis plants was grown from F 1 seeds of reciprocal crosses between an individual of the cultivar Gross Fontaine and an individual of the cultivar Undine. Plants designated with a prefix of 1 were from the Gross Fontaine ´ Undine cross, and those with a prefix of 2 were from the reciprocal Undine ´ Gross Fontaine cross. The growing temperatures in the greenhouse were 24/18°C day/night with a photoperiod of 16/8 h day/night, supplemented with 200 mM m −2 s −1 provided by a combination of 400-W metal halide and sodium vapor lights. Plants were grown in 25.4-cm (10-inch) pots in Sunshine #1 Mix. They were initially fertilized with Osmocote Plus 15-9-12, plus micronutrients, ~14.8 cm −3 (one tablespoon) per pot. At ~1 mo after germination, plants were fertilized once weekly with 250 mg L −1 of N-P-K supplied by Peter's Professional 20-20-20 fertilizer, plus micronutrients. When plants became larger and the pots were mostly occupied by a root ball, fertilizer containing 250 mg L −1 N-P-K was applied three times weekly. Plants were irrigated with an automatic Chapin drip system once per day for 3 min.
Isolation of Mature Pistils
For semi-in-vivo pollination, unopened florets immediately below those whose anthers that had just dehisced were removed from the panicle. The lemma, palea, and stamens were carefully removed from each floret with the aid of dissecting needles under a dissecting microscope. These pistils were then placed on a 60-mm ´15-mm Petri dish containing medium with 290 mM sucrose, 0.4 mM boric acid, and 1 g L −1 agarose. Four pistils from each individual plant were placed on the medium with the feathery stigmas facing upward to receive pollen. To determine the duration of pistil receptivity, a total of 36 mature pistils were cultured on this medium for either 24 or 48 h before pollination.
Pollen Collection and Semi-in-Vivo Pollination
Panicles on which about one-third of the florets had already dehisced were removed from the stock plant and pollen grains already shed were brushed off thoroughly at about 4:00 PM each day. The panicles were then placed in a 1000-mL graduated cylinder containing 400 mL tap water and were kept in the dark at about 20°C. They were examined regularly until active dehiscence from new florets was observed, which occurred 4 to 6 h later. Pollination of the pistils was performed between 8:00 and 10:00 PM by dusting freshly shed pollen from dehiscing florets over the top of the pistils. At 8:30 AM the following morning, pollinated pistils were placed in a 10 M NaOH solution for 3 h to soften the tissue, and then rinsed very briefly in distilled water. Care was taken to minimize dislodging the pollen from the pistils during the rinse. The pistils were then placed on a glass slide and stained with 50 mL decolorized 0.1% aniline blue for 4 h to visualize the pollen tubes (Alexander, 1987) . Stained pistils were covered by a cover slip and examined using an Axiovert microscope (Zeiss) . Images were captured under the epifluorescence channel (the excitation and emission wavelengths were 365 and 397 nm, respectively) using an AxioCamRM camera (Zeiss) and AxioVision 4.8.1 software (Zeiss, 2009 ).
RESULTS AND DISCUSSION

Establishment of a Semi-in-Vivo Pollination Protocol
A prerequisite for establishing a robust semi-in-vivo pollination assay is the availability of viable pistils and a sufficient amount of viable pollen. Pistils isolated 24 and 48 h before pollination were all successfully pollinated, indicating that pistils remained receptive when isolated from the plant and maintained the receptivity on culture medium for at least 48 h. However, to achieve best results, we always isolated pistils in the late afternoon for subsequent pollinations in the late evening or night.
Our previous attempts to pollinate pistils by directly dusting pollen from dehiscing panicles during the day produced inconsistent results, often with very small quantities of viable pollen. On cloudy days, we were able to obtain pollen with high viability, whereas on sunny days, viable pollen was scarce. Kentucky bluegrass (Poa pratensis L.) plant breeders have long recognized that anthesis primarily occurs between midnight and very early morning (Teare et al., 1970) . For this reason, artificial crossing devices were designed to shake pollen from male parents to female parents at a time when performing hybridization by humans is inconvenient. Liem and Groot (1973) found that anthesis in Holcus lanatus L. and Festuca rubra L. showed a diurnal periodicity that connects to temperature, relative humidity, and light intensity. Emecz (1962) studied the effect of climatic factors of temperature, relative humidity, light intensity, and wind on anthesis of five grasses and also found that temperature and light, but not humidity, triggered anthesis. This led us to believe that ultraviolet-B irradiation may have a negative influence on the timing of anthesis and on pollen longevity. We therefore hypothesized that, as in Kentucky bluegrass, active anthesis in M. sinensis might also occur during the night. Indeed, dark incubation of partially dehiscing panicles consistently produced sufficient quantities of pollen with high viability. This method of producing a reliable source of viable pollen made it possible for us to develop a robust semi-in-vivo pollination protocol for M. sinensis, which was adapted primarily from protocols used for other grasses (Lundqvist 1961; McCraw and Spoor, 1983) .
We used the percentage of pollen germination to estimate pollen viability; pollen grains producing a tube longer than its diameter were considered germinated (Tuinstra and Wedel, 2000; Fei and Nelson, 2003) and therefore viable. Panicles incubated in the dark consistently produced abundant viable pollen, close to 50% ( Fig.  1 and 2) . However, assessment of M. sinensis pollen longevity after storage at 20°C showed that pollen germination was reduced to less than half of its initial level after only 30 min of storage and was further reduced to <1% after 90 min of storage. Pollen failed to germinate after 2 h of storage at 20°C (Fig. 2) . Our results are in agreement with previous reports, which showed grass pollen longevity to be similarly short (Fei and Nelson, 2003; Ge et al., 2011) . This information is valuable for making artificial crosses in M. sinensis using collected and stored pollen.
Classes of SI Reactions
More than 1000 semi-in-vivo pollinations of self or reciprocal crosses were made between individuals of the population using freshly shed pollen obtained from darkincubated panicles. Pollen germinated within 5 min of pollination on the stigmatic surface. The tissue-softening step with 10 M NaOH greatly improved staining and observation of pollen tube growth on the pistils, making it possible to distinguish compatible pollen from incompatible pollen. Self-pollination of randomly selected individuals showed that almost all self-pollen grains were only able to produce very short tubes and stopped growing on the stigmatic surface of mature pistils (Fig. 3A) . This strongly indicates that SI is operating in M. sinensis. Of all the reciprocal crosses, we observed a total of four classes of compatibility reactions (Fig. 4, Supplemental Table 1 ). Fig. 1 . In vitro germination of pollen grains collected from plant 1-70. Picture was taken 10 min after pollen grains were placed on the germination medium. was incompatible (Fig. 4C) . In Class 4, 100% of the viable pollen produced tubes that entered the ovule and thus were all compatible (Fig. 4D) . We also observed differences in the percentage of compatible pollen between reciprocal crosses. For example, the amount of compatible pollen observed in reciprocal crosses of 1-32 ´ 2-10 or 1-13 ´ 2-10 are different (Supplemental Table 1 ), which indicates that the SI system in M. sinensis is gametophytic and controlled by more than a single locus, because there would be no difference between reciprocal crosses if the SI system was gametophytic but controlled by a single locus or if the SI was sporophytic. The coexistence of compatible and
In Class 1, none of the viable pollen was compatible (0% compatible pollen, Fig. 4A ). Most viable pollen produced short tubes and arrested at the stigmatic surface, whereas some pollen produced pollen tubes that entered the transmitting tract, but not the ovule. Compatible pollen grains were occasionally observed in this class; however, they are at an extremely low frequency (see Developmental Regulation of SI). In Class 2, 50% of the viable pollen resembled the incompatible pollen described in Class 1, whereas the remaining 50% viable pollen produced long pollen tubes that entered ovules (50% compatible pollen, Fig. 4B ). In Class 3, 75% of the pollen was compatible, whereas 25% Fig. 3 . Self-incompatibility responses vary among individuals. (A) Self-incompatible response in plant 2-25, in which self-pollen produced short tubes and stopped at the stigmatic surface (arrows); (B) self-incompatible response in plant 1-32, in which a self-pollen was able to enter into the transmitting tract (thick arrow). incompatible pollen grains in a single cross indicates that SI in M. sinensis is gametophytic, not sporophytic. Because the pollen-pistil interaction response in sporophytic SI is determined by the genotype of the pollen-producing parent instead of the genotype of the pollen, there will be only one phenotype for the pollen-pistil reaction for each cross. Taken together with the observed four classes of compatibility responses, we believe that, as in other grasses, a two-locus S and Z gametophytic SI system is operative in M. sinensis.
The SI response we observed is similar to that observed for other members of the Poaceae, in which inhibition of tube growth of incompatible pollen occurs at the stigmatic surface, although in some cases, in our study pollen tubes reached the transmitting tract. Self-incompatibility in M. sinensis has been implicated in previous studies (Hirayoshi et al., 1955; Chiang et al., 2003) ; however, the current study presents direct evidence for it. We observed four classes of compatibility responses predicted for a twolocus SI system in the reciprocal crosses. Tube growth of the nonself, incompatible pollen in cross pollinations resembled that of self-pollen in self-pollinations (Fig. 4A ).
Developmental Regulation of SI
To test whether pollinations with self-pollen would be more successful on immature pistils, we performed an experiment using pistils of varied developmental stages. Stigmas of mature pistils were purple, providing a reliable visual marker for distinguishing various pistil developmental stages. As shown in Fig. 5 , the four pistil age groups were: Group 1, undeveloped pistils in which the feathery stigmas were not well developed and were creamy white; Group 2, juvenile pistils in which the feathery stigmas were somewhat developed, with light purple or pink pigmentation; Group 3, immature pistils in which the feathery stigmas were well developed, with evenly distributed light purple pigmentation; and Group 4, mature pistils in which the feathery stigmas were fully developed, with dark purple pigmentation. For this experiment, we divided incompatible pollen into two subcategories: Type 1, pollen produced short pollen tubes and was stopped at the stigmatic surface; or Type 2, pollen produced pollen tubes that entered into the transmitting tract but did not reach the ovule. Our results showed that tubes from both compatible (Fig. 6a-6c ) and incompatible pollen (Fig. 6a, 6b , and 6d) were observed in pistils of all developmental stages. Table 1 shows the average percentage of incompatible pollen with tubes that entered the transmitting tract (Type 2) after self-pollination and of the compatible pollen tubes that entered the ovule for pistils of different age groups from four individuals (plants 1-13, 1-57, 1-70, and 2-43). The percentage of compatible pollen tubes declined as pistils became more mature. Parallel to that, the percentage of pollen tubes that entered the transmitting tract (Type 2) also declined as pistils became more mature, with the exception of Group 1, the undeveloped pistils, in which the percentage is actually slightly lower than that in the juvenile pistils. These observations suggest an increased ability for self-pollen recognition in more mature pistils. Although the percentage of Type 2 pollen in the Group 1 pistils was slightly lower than that in the juvenile pistils, they were not statistically different. The feathery stigmas and stigma papillae in the Group 1 pistils had barely started to develop and appeared to have less ability to capture and retain pollen, resulting in less observable pollen. This might explain the lower than expected percentage of Type 2 incompatible pollen in Group 1 pistils. The progressive decline of both the Type 2 incompatible pollen and the compatible pollen in more mature pistils suggests that rejection of self-pollen in M. sinensis is developmentally regulated. Younger pistils (undeveloped and juvenile) allowed significantly more self-pollen tubes to enter the transmitting tract than did older pistils (immature and mature), and the undeveloped pistils had significantly more self-pollen tubes entering the ovule than did the pistils of the other three age groups. These results suggest that the transition of SI from being very weak in young pistils to being very strong in older, more mature pistils occurs gradually. Instead of being controlled by an on-or-off switch, the degree of SI appeared to increase in a quantitative manner as pistils matured. It is apparent that even the youngest undeveloped pistils already had the ability to reject self-pollen (Fig. 6a) , although not very efficiently. On the other hand, even the most mature pistils failed to reject all self-pollen (Table 1) . The leaky SI in mature pistils is consistent with existing literature, where a very low percentage of self-fertility in SI species has been described (Martínez-Reyna and Vogel, 2002; Thorogood et al., 2005) . The ability to recognize and reject self-pollen in mature pistils also varies with genotypes, because not all genotypes tested in the current study are "leaky."
Variations in both the timing and the location within the pistil at which incompatibility occurs have been reported to vary between and within a grass species (Heslop-Harrison, 1979) . For example, in Hordeum bulbosum L., rejection of incompatible pollen occurred much more slowly , and in Alopecurus pratensis L., pollen tubes reached the transmitting tract before rejection occurred (Shivanna et al., 1982) . In addition, a fertility gene independent of S and Z, as in Phalaris coerulescens Desf. (Hayman and Richter, 1992) and perennial ryegrass (Lolium perenne L.; Thorogood et al., 2005) , may exist in some genotypes of the M. sinensis population, conferring varying degrees of self-fertility. Lastly, some mature pistils (Fig. 5 ) might have not reached physiological full maturity, despite its appearance suggesting full maturity. Nonetheless, our results suggest that pollination of immature pistils with self-pollen similar to bud pollinations reported in other species (Attia and Munger, 1950; Yin et al., 1981; Cabin et al., 1996) might be explored to increase self-fertility and obtain inbreds in M. sinensis by pollinating immature pistils with mature pollen. This can be achieved with relative ease because spikelet development in M. sinensis is asynchronous within an inflorescence.
Self-incompatibility is an effective genetic mechanism that prevents selfing and inbreeding, thereby promoting outcrossing and maintaining a high degree of heterozygosity in plants. So far, one sporophytic and three distinctly different gametophytic SI mechanisms have been identified in different plant species. The two-locus system S and Z reported for the Poaceae is very different from the sporophytic SI intensively studied in Brassicaceae and the other two types of gametophytic SI, one in Solanaceae and the other in Papaveraceae, all of which are controlled by a multiallelic single-locus S system but with different molecular mechanisms (Stone and Goring, 2001; Yang et al., 2008) . The added complexity in the two-locus system makes it difficult to identify the S and Z products. This is perhaps the reason why the SI system in members of the Poaceae family remains the least characterized among the four SI systems. Recent efforts in mapping the S and Z genes in perennial ryegrass have identified a number of candidate genes (Yang et al., 2009; Shinozuka et al., 2010; Byrne et al., 2015; Manzanares et al., 2016) . The high degree of colinearity and synteny among grass species (Gale and Devos, 1998; Sim et al., 2005) should facilitate the eventual identification of S and Z from M. sinensis. The developmental regulation of SI implies that SI genes are expressed differentially at different developmental stages, thus providing another opportunity for identifying candidate genes for S and Z through gene expression analyses such as messenger RNA sequencing (Severin et al., 2010; Wang et al., 2010; Ness et al., 2011) . The sequencing of the M. ´ giganteus genome (Swaminathan et al., 2010) will undoubtedly assist in isolating the key determinants of SI in M. sinensis. Additional studies of self-fertility (e.g., by examining seed formation after self-pollination in germplasm with wide geographic origins) are needed. Identification of modifier gene(s) or a fertility gene independent of the S and Z genes could provide a means to overcome SI and thereby pave the way for F 1 hybrid production in M. sinensis.
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